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ParticleOne of the outstanding questions in biology today is the origin of viruses. We have discovered a protein in the
hyperthermophile Sulfolobus solfataricus while following proteome regulation during viral infection that led
to the discovery of a fossil provirus. Characterization of the wild type and recombinant protein revealed that it
assembled into virus-like particles with a diameter of ~32 nm. Sequence and structural analyses showed that
the likely proviral capsid protein, Sso2749, is homologous to a protein from Pyrococcus furiosus that forms
virus-like particles using the HK-97 major capsid protein fold. The SsP2-provirus appears mosaic and contains
proteins with similarity to, among others, eukaryotic herpesviruses and tailed dsDNA bacteriophage families,
reinforcing the hypothesis of a common ancestral gene pool across all three domains of life. This is the ﬁrst
description of the HK-97 fold in a crenarchaeal virus and the ﬁrst direct genomic connection of linocin-like
protein cages to a virus.B. Bothner).
l rights reserved.© 2011 Elsevier Inc. All rights reserved.Introduction
It has been suggested that the viral universe can be organized into
a limited number of lineages. With an estimated 1031 virus particles
on earth (Suttle, 2005) and only 2443 viral genomes in the National
Center for Biotechnology Information (NCBI) database, the current
data is limited. Recent studies of the human genome indicate that a
signiﬁcant portion of our genetic information is probably of viral
origin and it seems likely that viruses have strongly inﬂuenced the
evolution of most, if not all, cells through the transfer of genetic
elements (Brussow et al., 2004; Campbell, 2003; Chibani-Chennouﬁ
et al., 2004; Dunigan et al., 2006; Forde et al., 2008; Hatfull, 2008;
Hendrix, 2003; Jiang and Paul, 1998; Lin and Li, 2009; Moreira, 2000;
Rokyta et al., 2006). The growing number of sequenced genomes
(viral and proviral) has enabled the construction of viral genome
based phylogenies (Hatfull, 2008; Krupovic et al., 2010). Genome level
comparisons are sufﬁcient to establish relationships for closely related
viruses; however, for distantly related viruses, phylogenetic relation-
ships must be based upon more highly conserved features, such as
protein structure and function (Bamford, 2003; Bamford et al., 2002;
Krupovic et al., 2010). Identifying these conserved features helps
deﬁne evolutionary relationships between distantly related viruses,
and may provide better understanding of how virus–host relations
have inﬂuenced evolution.Due to the small size of viral genomes and their ubiquity, viruses
are an excellent case study for investigating genomic stability. While
viruses must retain a minimal set of core functions to ensure
replication, some families such as the tailed dsDNA viruses, have
highly plastic genomes. This large family appears to be both a
reservoir and conduit for exchange of genetic information throughout
the entire biosphere (Bamford, 2003). In depth genomic comparison
of viruses from this family has provided valuable information about
their mosaic nature and capacity for horizontal gene transfer in the
host population (Hatfull, 2008). Amino acid sequence comparison has
revealed a relationship between the tailed dsDNA viruses infecting
bacteria and archaea (Krupovic et al., 2010; Prangishvill et al., 2006).
Icosahedral virus-like particles (vlps) predicted to be of viral origin
have been discovered and several examples of tailed dsDNA viruses
have been observed in the Euryarchaeaota, but there have been no
reports from Crenarchaeota (Namba et al., 2005). These vlps are
composed of subunits with a distinct similarity to the major capsid
protein (MCP) of the bacteriophage HK97 (Akita et al., 2007). The
HK97 MCP fold is found in bacterial viruses, encapsulin protein cages,
and shares structural similarity to the human herpes simplex virus 1
(HSV-1) VP5 ﬂoor domain (Bamford et al., 2005; Krupovic et al., 2010;
Sutter et al., 2008). Expanding upon the similarities of protein
sequence and structure in tailed dsDNA viruses, to include DNA
packaging (Rao and Feiss, 2008) and assembly (Heymann et al., 2003)
has led to the proposal that similar viruses from all domains of life
may have descended from a common ancestor (Bamford, 2003;
Bamford et al., 2002, 2005; Krupovic et al., 2010). These familial
ancestors are thought to be the source of the common characteristics,
363J. Heinemann et al. / Virology 417 (2011) 362–368which are referred to as the “viral self”, and provide insight to
evolutionary processes (Bamford, 2003).
The three domains of life can be split into Bacteria, Archaea, and
Eucarya based on a 16S ribosomal RNA phylogenetic tree. Using this
approach, Archaea are more closely related to Eukarya than Bacteria
(Woese, 2000). Because virus–host systems coevolve, it seems
reasonable that viruses from each of the three domains would share
a similar phylogenetic relationship. Previously described classiﬁcation
systems have organized viruses into families based upon genome
similarity arising from a shared gene pool (Hatfull, 2008). Expanding
on this, we provide evidence that the tailed dsDNA virus family from
bacteria has shared a gene pool with the eukaryotic herpesvirus
family and archaeal viruses through a newly discovered provirus
found in the Crenarchaeote Sulfolobus solfataricus (SsP2). The genome
of the SsP2 provirus (SsP2-pro) is a mosaic of proteins with similarity
to those of herpesvirus and tailed dsDNA virus families. Additionally
the SsP2-pro major capsid protein (MCP) shares predicted structural
similarity with MCP gp5 of the HK97 bacteriophages, encapsulin
protein, the virus-like particle from Pyrococcus furiosus, and VP5 ﬂoor
domain from herpesvirus, strengthening the idea of a common
evolutionary root. Analogous to the bones of extinct organisms locked
in geological layers, we suggest this ancient provirus in the genome of
SsP2 provides a “fossil” record of dsDNA viruses (Akita et al., 2007;
Schwartz et al., 1996; Tipper et al., 2005; Yamada and Iwamoto, 2000).
Results
Infection of S. solfataricus P2 and particle discovery
The paucity of information about viruses that infect archaea and
placement of archaea at the base of most trees of life has stimulated
research in this area. Along these lines, we have been conducting
structure/function studies on the crenarchaeal Sulfolobus turreted
icosahedral virus (STIV)(Fulton et al., 2009; Larson et al., 2006;
Lawrence et al., 2009; Rice et al., 2004; Wiedenheft et al., 2005). As
part of this work, proteomic analysis of the infection of S. solfataricus P2
cells by STIV led to the identiﬁcation of the differentially expressed
hypothetical proteinSso2749 (GenBank ID: 15899464). The2-Dgel spot
containing Sso2749 decreased in abundance as determined by Cy-dye
based 2-DIGE (12 h timepoint; 2.7 fold reduction, p-valueb0.01),
Fig. 1A. BLAST sequence analysis revealed that Sso2749 has signiﬁcant
amino acid sequence similarity to a virus-like particle from P. furiosus
(Pf-vlp) (GenBank ID: 146387236) (Fig. S1) (Altschul et al., 1997).
Previously, Pf-vlp was shown to form virus-like particles of approxi-
mately 30 nm as revealed by transmission electron microscopy (TEM)
(Namba et al., 2005). Subsequently, the crystal structure revealed that
Pf-vlp assembles from 180 copies of protein into a T=3 icosahedral
particle with the protomer having signiﬁcant structural similarity to
major capsid protein (MCP) gp5 of HK97 bacteriophage (GenBank ID:
609312) and encapsulin from Thermatoga maritima (GenBank ID:
197725260) (Sutter et al., 2008). To check for virus-like particles in
S. solfataricus, fractions of cell lysate were pelleted by ultra-centrifuga-
tion onto a sucrose cushion. The pellet was then analyzed by LC-MS and
found to contain Sso2749. Subsequent analysis with TEM conﬁrmed the
presence of particles (~30–32 nm) similar to Pf-vlp (Fig. 1B).
To better investigate the structural and functional properties of
Ss-vlp, the gene was cloned into an expression vector for heterologous
expression inE. coli. Analysis of the solubleprotein fractionbySDS-PAGE
showed the presence of an intense band at the expected molecular
weight of Sso2749 (39 kDa) (Fig. S2). Analysis of partially puriﬁed
recombinant Ss-vlp (rSs-vlp) by size exclusion chromatography (SEC)
conﬁrmed that the protein was multimeric, with an elution time
consistent with Cowpea chlorotic mottled virus (CCMV), a small RNA
virus that has a T=3 capsid. Identity of the protein in the SEC fractions
and gel bandwas conﬁrmedbyproteolysis and LC/MS(data not shown).
As a ﬁnal test, negative stain TEM analysis of puriﬁed Sso2749 showedparticles of the expected size for a T=3 vlp (Fig. 2). The majority
of the particles appeared to have a hollow center and a thick shell.
This is consistent with the images of the Pf-vlp and positioning of the
N-terminal region of the gene on the interior of the particle. Puriﬁed
fractions of rSs-vlp were tested for possible linocin-like bacteriocin
activity and for susceptibility to proteolytic cleavage. No bacteriocidal
activity was observed when rSs-vlp was added to cultures of P. furiosus,
or Sulfolobus acidocaldarius, as judged by optical density growth curves
(data not shown). Testing also showed that the particles were resistant
to proteolytic cleavage by trypsin and thermolysin.
To gain further insight into the structure of the Ss-vlp, a bioin-
formatics approach was used. Sequence-based structure/function
prediction using the Phyre and HHpred servers (Hildebrand et al.,
2009; Kelley and Sternberg, 2009; Soding et al., 2005) reinforced the
homology between Ss-vlp and Pf-vlp showing that they are highly likely
to have the same protein fold. Therefore, a 3-D model, using the Pf-vlp
crystal structure (PDB ID: 2E0Z) as a template, was constructed for Ss-
vlp residues 110–346 with Swiss-Model (Arnold et al., 2006; Guex and
Peitsch, 1997; Kiefer et al., 2009) (Figs. 1C–D). The N-terminal 109
residues of Pf-vlp are not visible in the crystal structure, but are believed
to form a domain that is internal to the protein shell. HHpred analysis
of residues 1–109 from Ss-vlp indicates that these residues form a
putative ferritin-like di-iron-carboxylate domain (PDB ID: 1vjx_A). The
quality of the Ss-vlp model was then veriﬁed using ProSA-web
(Wiederstein and Sippl, 2007). The Z-score of the pseudo-atomic
model of Ss-vlp (Z-score=−2.96) is within the range calculated for
experimentally determined structures where acceptable models fall
between −2 and −11.2 for proteins of ∼236 aa in length (Fig. S3).
Although there is no signiﬁcant amino acid sequence identity between
Ss-vlp, encapsulin, and HK97 GP5, structural alignment of these three
proteins with Pf-vlp suggest the same protein fold. The overall analysis
of Ss-vlp and rSs-vlp shows that the protein assembles into icosahedral
capsids similar to tailed dsDNA viruses (Wikoff et al., 2000), Pf-vlp
(Akita et al., 2007) or encapsulin (Sutter et al., 2008) and strongly
suggests that this protein adopts an HK-97 like fold.
Characterization of a provirus in Sulfolobus
The differential expression of Ss-vlp during viral infection com-
bined with structural similarity to a known family of temperate
viruses, and previous ﬁndings by other groups (Akita et al., 2007;
Sutter et al., 2008), led us to hypothesize that these particles were
of viral origin. Viruses are known to recombine with host and other
viral elements to yield unique genetic mosaics that are capable of
promoting horizontal gene transfer (Brussow and Desiere, 2001;
Hendrix, 2002; Juhala et al., 2000; Mosig et al., 2001; Rokyta et al.,
2006). To determine if Ss-vlp was part of an integrated provirus, the
genomic context of the gene was examined. In order to identify other
phage-like or provirus elements, iterative BLAST homology-based
searches against protein sequences in the non-redundant protein
database and dsDNA viruses (taxid: 35237) at the National Center for
Biotechnology Information were conducted, using genes in close
proximity to Sso2749 as seeds. Proﬁle–proﬁle comparisons are almost
always indicative of true functional and structural relationships and
are particularly valuable when looking for evolutionary relationships.
(Altschul et al., 1997); However protein sequences of viruses infecting
Sulfolobus tend to bear little similarity to other known proteins
making such comparisons more problematic (Fulton et al., 2009;
Lawrence et al., 2009; Prangishvili et al., 2001, 2006). Recent
comparisons of proteins using discriminative state-of-the-art ma-
chine learning algorithms, have found this to be a reliable approach
for assessing distant relationships; therefore, the proﬁle based
comparisons were complemented by analyses with support vector
machines (Dlakic, 2009; Shah et al., 2008).
Consistent with a viral origin for SsP2-vlp, genes with similarity to a
phage replicative helicase, and herpesvirus DNA binding protein lie
Fig. 1. Treatment of S. solfataricus with STIV leads to a down regulation of Ss-vlp. (A) 2-DIGE gel image with protein spot for hypothetical protein SSO2749 highlighted. Protein
identiﬁcation wasmade using in-gel proteolysis followed by LC-MS/MS. (B) Electronmicrograph of puriﬁed rSs-vlp after negative staining with 1.5% uranyl acetate. (C) Monomer for
hypothetical protein SSO2749 modeled using 2E0Z PfV (X-ray crystal structure 3.6 Å resolution). (D) Ss-vlp model using 180 copies of modeled SSO2749 with T=3 icosahedral
symmetry based on crystal structure of PfV (Akita et al., 2007).
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genes are in anoperonwhichhas beenshown tobe inducedbyexposure
to ultraviolet light (Frols et al., 2007a); UV light is a common trigger for
provirus induction (Muche and Levin, 1983; Osterhout et al., 2007;
Takebe et al., 1967; Trautner et al., 1980), including integrated
fuselloviruses in S. solfataricus (Frols et al., 2007b). For homologs
found in aproviral region from the genomeof Sulfolobus islandicus strain
Y.G.57.14, all three, virus MCP, helicase, and DNA binding protein are
found as an operon, solidifying their codependence.
Importantly, a tRNA-Thr gene (genome position: 2503123) is also
present in a 3′ distal region approximately 36 kbp from Ss-vlp
(genome position: 2539011). It has been shown that bacterial and
archaeal viruses use tRNA genes as targets for integration. Krupovic
et al., 2010 reported tRNA-Thr as an integration target for a prophage
found in Halorubrum lacusprofundi, (ATCC 49239) a haloarchaealFig. 2. Electron micrographs of recombinant SsP2-vlps after negative staining with 1.5%
uranyl acetate. Foreground is a close up of the same particles.organism and Sulfolobus spindle-shaped virus 1 is known to use a
tRNA-Arg as an integration target into SsP2 (Reiter and Palm, 1990).
To further support the presence of a provirus, the genomic neighbor-
hood surrounding the structural tRNA and the SsP2 provirus MCP
were scanned for other proviral elements (see Fig. 3). The identiﬁ-
cation of related transposable elements ﬂanking both sides of the
virus-like region with N-terminal viral integrase allowed us to deﬁne
likely boundaries of the SsP2-provirus (attL, attR) (Fig. 3B). This would
credit the integrated provirus-like region with 57 open reading
frames in a span of 60.7 kbp (between the attL and attR). The %GC-
content in this region is between 27.8% and 41.1% with an overall
average of 36%, compared to the SsP2 average of 35% (Fig. 3C)
(Drummond et al., 2010). Table 1 shows the proteins with viral or
proviral similarity using BLAST or support vector machine analysis.
The SsP2-provirus-like region displays similarity to dsDNA viruses
from different domains, exhibiting the mosaicism commonly de-
scribed in the dsDNA bacteriophage family (Bamford et al., 2002;
Hatfull et al., 2006; Hendrix, 2003; Varani et al., 2008).
Discussion
The high degree of sequence similarity between protein Sso2749
and Pf-vlp, combined with the, protein model, and TEM characteri-
zation of the particle has allowed us to classify Ss-vlp as a homolog of
Pf-vlp. This establishes a clear connection at the protein level between
Ss-vlp, encapsulin, and gp5, the MCP of HK97. The genomic context of
Ss-vlp suggests that this protein was part of a dsDNA-like provirus,
placing the HK97 MCP fold in viruses from all three domains of life.
This ﬁnding is signiﬁcant, as structural similarity has been put forth as
a measure of the viral self (Bamford et al., 2002; Krupovic et al., 2010)
and a prognostic indicator of common ancestry (Bamford et al., 2005;
Kraft et al., 2004a, b; Lawrence et al., 2009; Maaty et al., 2006). Clearly
the observed particles are not of sufﬁcient size to package the
identiﬁed proviral genome, suggesting that this provirus is no longer
functional, and only remains as part of the HK97 virus family fossil
record. Presumably the assembly process for the functional virus
would have resulted in a capsid with a higher T-number such that the
entire genome could be accommodated. Presumably the assembly
Table 1
SsP2 protein matches to viral and proviral proteins.
SsP2-protein SsP2-GI # Organism/virus Protein GI/accession E-Value/P-value
aSSO2724 15899440 Bacteriophage Mu Integrase PF02914 6e-06
bSSO2726 13816082 Stygliolobus rod-shaped virus Hypothetical 208605314 6e-07
bSSO2727 13816050 Mycobacterium phage Myrna gp183 203454746 1e-12
bSSO2728 13816054 Stygiolobus rod-shaped virus Hypothetical 208605314 4e-05
cSSO2730 15899446 Acinetobacter baumannii Hypothetical bacteriophage 169796743 1e-15
cSSO2733 15899448 Desulfuromonas acetoxidans Phage SP01 DNA polymerase-related protein 95929443 2e-10
aSSO2744 15899459 Bacteriophage gp37 COG4422 4e-12
aSSO2750 15899465 Phage DnaB Replicative helicase TIGR03600 5e-07
bSSO2751 13816082 Caviid herpesvirus gp44 213159193 9e-03
cSSO2754 15899469 Escherichia coli MS 21-1 Tail ﬁber protein 300940050 3e-05
bSSO2766 15899482 Anguillid herpesvirus ORF83 28217420 9e-43
bSSO2778 15899493 Lactococcus lactis Phage-nucleotide binding protein 281491928 4e-12
bSSO2782 13816122 Acidianus two-tailed virus Putative transposase 75750428 7e-165
bSSO2785 13816122 Acidianus two-tailed virus Putative transposase 75750428 7e-172
a Protein classiﬁcation done with support vector machine corresponding p-value is indicated and Pfam/TIGR/COG domain accession.
b Protein similarity found in dsDNA viral database (taxid: 35237).
c Protein similarity found in NCBI non-redundant protein database.
365J. Heinemann et al. / Virology 417 (2011) 362–368process for the functional virus would have resulted in a capsid with a
higher T-number such that the entire genome could be accommo-
dated. However, it is not uncommon for viral coat proteins to
assemble lower T-number vlps in the absence of the appropriate
scaffold proteins (Conway et al., 1995; Newcomb et al., 2001). Indeed,
expression of the herpesvirus MCP without appropriate scaffold
results in a T=9 vlp, rather than the T=16 capsid seen in Herpes
virus itself (Newcomb et al., 2001).
In the SsP2 provirus fossil, proteins with similarity to dsDNA
bacteriophages can be found side-by-side with proteins that have
similarity to herpesvirus proteins. This provides a connection be-
tween the dsDNA viruses in all three domains and raises the question
of whether the sequence similarity found between SsP2-pro proteins
and their relatives in bacteriophage and herpesvirus is a product of
ancestral virus–virus recombination via horizontal gene transfer or a
remnant of evolution from a common ancestor.
Pfamclassiﬁcation places T.maritima encapsulin, Pf-vlp and Ss-vlp in
the Linocin M18 family (PF04454), which currently has members in 69
species. Sutter et al.(2008), suggests that the icosahedral shell of
encapsulins compartmentalize enzymatic activity inside the protein
cage to enhance function. It has been proposed by a number of groups
thatencapsulinsmayhaveoriginated fromaviral capsid (Krupovic et al.,
2010; Sutter et al., 2008). Because the similarity between encapsulins
and viral capsid proteins is only visible at the level of structure and there
were no reported cases where encapsulins are associated with viralFig. 3. A) (background) circular representation of SsP2 genome with location of provirus, ve
between 2,478,239 and 2,539,011, triangles denote open reading frames (ORF), black triang
regions (attL and attR) are transposon related elements on either side of the provirus. C) %proteins, it was assumed that the separation occurred long ago. The
analysis of Sso2749 clearly shows a direct connection of encapsulin
proteins with viral origin. The use of the HK97-like protein fold by
viruses and host cells points to the versatility of the domain. The domain
is also fairly plastic as large extensions can be added without disrupting
assembly as in the case of encapsulin. While the connection between
encapsulins and a provirus has nowbeen documented, the fundamental
question still remains; is thedesignof host or viral origin?Theprevailing
view is that in the context of capsids and cages, the HK97 protein is
foremost a viral capsid protein. An alternative explanation is that
encapsulins were ﬁrst derived as primitive reaction vessels that
enhanced the activity of primitive enzymes. In some cases the enzymes
then became linked with the cage forming domain so that packaging
and assembly occur in a single step. Then at some later time, the HK97
fold mutated to allow nucleic acid packaging, perhaps by simply
assembling around its own mRNA during translation. At this point, the
simple system would be ready to go viral.
Materials and methods
Culturing of S. solfataricus
Liquid cultures of S. solfataricus (P2), were grownaerobically inDSMZ
media 182 (22.78 mM KH2PO4+18.90 mM (NH4)2 SO4+0.81 mM
MgSO4+1.7 mM CaCl2+0.2% Yeast Extract) pH adjusted to 2.8 withrtical lines show location of all structural tRNAs. B) Blowup of provirus genome located
les represent ORF with predicted amino acid similarity to other virus or provirus, boxed
GC graph of the provirus (Drummond et al., 2010).
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80 °C in shaking oil bath incubators.
Puriﬁcation of spherical particles
Cell cultures of SsP2 were lysed by freezing in liquid nitrogen and
thawing, followed by water bath sonication for 5 min. The suspension
was then centrifuged at 39,500 ×g for 15 min to remove insoluble
cellular debris fromthe supernatant. The supernatantwas then added to
a 20% sucrose cushion suspended in 50 mMPhosphate buffer with 9 g/L
NaCl and centrifuged for 4 h at 150,000 ×g in an ultracentrifuge. The
resultant pellet formed was resuspended in 150 ul, 50 mM Phosphate
buffer with 9 g/L NaCl and subjected to SDS-PAGE (4–20% Precise
protein gels, Pierce), for 1 h at 65 mA. Gel was thenwashed and stained
using Coomasie Brilliant Blue (CBB). Protein spots of interest were
excised from the gels, washed, in-gel reduced and S-alkylated, followed
by digestion with porcine trypsin (Promega) overnight at 37 °C. The
Peptides eluted from the in-gel digests were transferred to a new tube
prior to LC/MS/MS. Mass analysis was on an integrated Agilent 1100
liquid chromatography–mass-selective detection (LC-MSD) trap (XCT-
Ultra 6330) controlled with ChemStation LC 3D (Rev A.10.02). The
Agilent XCT-Ultra ion trap mass spectrometer is ﬁtted with an Agilent
1100 CapLC and nano-LC sprayer under the control of MSD trap control
version 5.2 Build no. 63.8 (Bruker Daltonic GmbH). Injected samples
were ﬁrst trapped and desalted on the Zorbax 300SB-C18 Agilent HPLC-
Chip enrichment column (4 mm with 40 nl volume packed with 5 μm
Zorbax 300SB-C18 particles; Agilent) for 3 min with 0.1% formic acid
delivered by the auxiliary pump at 4 μl/min. The peptides were then
reverse eluted from a enrichment column and loaded onto an analytical
capillary column (43 mm×75 μm inside diameter, packed with 5 μm
Zorbax 300SB-C18 particles) connected in-line to the mass spectrom-
eter with a ﬂow of 600 nl/min. Peptides were eluted with a 5 to 90%
acetonitrile gradient over 16 min. Data-dependent acquisition of
collision induced dissociation tandem mass spectrometry (MS/MS)
wasutilized. Parent ion scanswere runover them/z rangeof 400 to 2200
at 24,300m/z-s. MGF compound list ﬁles were used to query an in-
house database using Biotools software version 2.2 (Bruker Daltonic)
with 0.5 Da MS/MS ion mass tolerance. Protein identiﬁcation was
accomplished by database search using MASCOT (Matrix science,
London, UK). Protein identiﬁcation was considered positive when the
minimal protein score of greater than 100 indicated identity or
extensive homology.
Cloning
The PCR primers were added to attB sites to facilitate ligase-free
cloning using the Gateway II system (Invitrogen) and a Shine–
Delgarno sequence to facilitate efﬁcient translation. Nested PCR was
used to remove addition of amino acids to the ﬁnal protein product
(Kraft et al., 2004a). The internal forward and reverse primers were
5′-ATG CAT CAC CAT CAC CAT CAC ATG AGT GAG GAA AGA ATT CCA
TTA ATA GG-3′ and 5′-GTA CAA GAA AGC TGG GTC CTA TTA TGT TGT
TTT AAC TTC TTT ATA AGT GAA CCA C-3′, respectively. Oligonucle-
otides used for the external forward and reverse primers were 5′-GGG
GAC AAG TTT GTA ACA AAA AAG CAG GCT TCG AAG GAG ATA GAA CC-
3′ and 5′-GGG GAC CAC TTT GTA CAA GAA AGC TGG GTC CTA-3′
respectively. The resulting entry clone was determined using ABI
BigDye terminator cycle sequencing and is mutation free. This
construct was then inserted into pDEST14 (Invitrogen) destination
vector, yielding an pEXP14-Sso2749 expression vector, for protein
expression in Escherichia coli (E. coli).
Expression and puriﬁcation
pEXP14-Sso2749 was transformed into E. coli BL21-CodonPlus
(DE3)-RIL (Stratagene), and two colonies were used to inoculated two2 ml cultures of Luria-Bertani (LB) media and grown overnight at
37 °C. 2 ml cultures was used inoculate 100 ml of LB media. All media
contained 100 μg/ml ampicillin and 35 μg/ml chloramphenicol. Cells
were grown to an optical density of 0.6 at 600 nm then protein
expression was induced via addition of 1 mM isopropryl-D-thiogala-
topyranoside (IPTG). After 6 h of growth, cells were collected by
centrifugation (IEC PR-7000 M) at 6000 ×g for 15 min and pellets
were stored at −80 °C (8).
For puriﬁcation, cell pellets were thawed and resuspended in lysis
buffer (20 mM Tris–HCl, pH 8.0, 400 mM NaCl and 1 mM EDTA) at
10 ml/g of wet cell pellet mass. Phenylmethylsulphonyl-ﬂuoride
(PMSF, 0.1 mM) was added to the cell suspension and cells were
lysed by passage through a microﬂuidizer (Microﬂuidics Corporation,
Newton, MA). Cell lysate was centrifuged and soluble fraction was
discarded and the insoluble fraction was washed with lysis buffer and
pelleted by centrifugation. The insoluble fraction was solubilized in
10 ml solubilization buffer (50 mM Tris–HCl pH 8.0, 24 mM NaCl,
1 mM KCl, 8 M urea, and 5 mM β-mercaptoethanol) and the
remaining insoluble material was removed by centrifugation. The
supernatant was dialyzed in two steps: ﬁrst, dialyzed against
refolding buffer (50 mM Tris–HCl pH 8.0, 24 mM NaCl, 1 mM KCl)
containing 4 M urea then dialyzed against refolding buffer only. Initial
puriﬁcation was done by size exclusion chromatography on Sephacryl
S-500 (Amersham Pharmacia). Further protein was puriﬁed to
homogeneity by ion exchange (mono-Q) and size exclusion (Sepha-
cryl S-500) chromatographic techniques.
Electron microscopy
For negative stain TEM samples of puriﬁed SsV was spotted onto
copper grid. The protein was set to absorb for 2 min before removing
excess water by absorption on a piece of ﬁlter paper. Uranyl acetate
(1.5%) was added to grid for 30 s at which point excess ﬂuid was
wicked away with piece of Whatman ﬁlter paper for a second time,
and then allowed to dry. Stained SsV on copper grid was viewed with
a LEO 912AB TEM and photographed with a Proscan ,048- by 2048-
pixel charge-coupled-device camera.
Proteolysis
Puriﬁed Sso2749 was exposed to trypsin for 1 h at 37 °C and
thermolysin for 1 h at 70 °C. After which each concentration was
removed and subjected to SDS-PAGE (4–20% Precise protein gels,
Pierce) for 1 h at 65 mA. Gel was then washed and stained using
Coomasie Brilliant Blue (CBB).
Identiﬁcation of putative proviruses
Putative provirus elements related to tailed bacterial and archaeal
viruses were identiﬁed by homology-based searches against the non-
redundant protein database at NCBI. Analysis of putative viral protein
sequences Protein sequences of the archaeal viruses and putative
proviruses were analyzed using BLASTP or PSI-BLAST search against
(i) a complete non-redundant protein database at NCBI and (ii) a viral
protein database at NCBI. Additionally protein sequences were
investigated using Hidden Markov Models and support vector
machines as described by Dlakic(2009). Conserved protein domains
were identiﬁed using searches against the Conserved Domain
Database at NCBI and the Pfam database at Sanger.
Prediction, modeling, and veriﬁcation of pseudo-atomic models
MCP (Ss-vlp) sequence of putative tailed archaeal provirus was
submitted to the Phyre structure prediction server for fold prediction
and identiﬁcation of structural homologues. All X-ray structures that
were identiﬁed as structural homologues with signiﬁcant scores
367J. Heinemann et al. / Virology 417 (2011) 362–368(scores above 50 are considered signiﬁcant) were used as templates
for the structural modeling of the SsP2 SsV. Sequence alignment of the
target MCP was retrieved from SWISS Model-workspace and used to
build three-dimensional model with version 4 of the Deepview
program. The quality of themodel was then assessedwith ProSA-web.
Pairwise sequence alignment used to generate themodel presented in
Fig. 5 can be found in Supplementary Information.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.virol.2011.06.019.
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